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This report smmnarizes the work accomplished under NASA contract
NAS 2-1460 during the time period from October 1 to October 31, 1963.
The effort was concentrated im the areas of treating the intersection
of shock waves and shock wa.Vea vith weak vortex sheets with real gas
effests, developing the laminar boundary layer solution with real gas, and

integrating the laminar boundary layer solution with the characteristic

solution,

During the month of October, the routine for the interseotion of
shoecks of the same family was assembled for the equilibrium real gas case,
Thd.l routine computes the amle shock resnlting from ooalescem of the

In addition, a test is

Yy

‘incorporated- to determine if a weak shock or expansion fan is reflscted

from the point of intersection, If either of these situstions ocours, the

$
$

'reflected shock or fan is computed along with the rest of the flow field. - ’

OTS PRICE

It is expeoted that an expansion fan will result in the majority of cases,
‘ The Methemstical Analysis Group is currently programming a routine

XEROX
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= recently forwarded to them for computing the mutual deflection caused by
the intersection of a shock with a weak vortex sheet. The routines for
intersection of shocks of the same family are now being programmed far both

( the real gss and verfect gas casea. Much of the present effort is being q

directed towerd combining the various procedures required in treating shock
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hﬁwmﬁm (1.0;.; field point, shock point, shock intersection, vortex
sheet, atc.). Routines which were coded during the past month are the
intersection of shocks of the opoosite family for a real gas and calculation
of inlet spillage drag.

The difficulties mentioned in the September progress report, which
involve the curve fitting of inviscid flowfield properties, have been resolved
to a large extent. The Fortran IV curve fitting routine has been modified to

use double mprecision techniques. Errors observed in using the improved rocutine

‘bave bean on the ordsr of 13% or less. This procedure is extremely important

as 1t is used to obtain inviscid properties for the boundery layer solution
and also is used in the shock point routine when the fluild upstreaﬁ of the
shock is not the free stiream.

Numerical difficulties have been encountered in obtaining convergence for
mrﬁl of the routines such as the mesh-cutting routine, Problems of this
nature, as well as correction of minor programming errors, continue to oceupy
a large portion of the effort. The blunt body ocutput for the test case aupplj.ed
by Ames has been determined using the modified Van Dyke solution, Several runs

to be subsonic. The inviscid solution for the aforementioned test case is being
run at the moment and results will be forwarded in the November progress repart.
Yisooys Flov Routines

. If the body is blunted, the viscous flow in the stagnation region is com-
puiod!’rom the laminar boundary layer solution., The procedure is to compute
the inviscid flow fleld from the blunt body program, supplied by Ames, up to
the sonic line., Next, the local fiow properties from this inviscid solution,
are taken at the wall and used in the laminer boundary layer solution., The

.
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blunt body region is troken up in smell increments Ax/hb, vhere x 1s
measured along the surface, and the boundary layer thickness, O , dis-
placement thicknssa 5. s and heat transfer are computed at each station x
from the stagnation point x = O to the sonic point x = X The initisl @
at the stagnation point is unity, and theﬁ's away from the stegnation
point are computed.

From the above solution the boundary layer characteristics are
determined at the input line to the characteristic solution. The body,
starting at the input line, is oarrected for the boundary layer displacement
thickness at each body point computed by the characteristic solution. In
this manner the displacement thickness due to the boundary layer is included
in the inviseid flow field as the solution progresses downstream, This
procedure minimizes the machine storage problem.

: These rmtines have ’be;ez‘l_ released to Mathematical Analysis and are

Phe trensition and shock boundary layer inmtere
action routines, however, are still under development, Soms of the references
used in the shoock boundery layer interaction study are References 6 - 8,

" Two basic methods exist for solving the boundary layer equations. One
is to obtain similar soluticns by reducing the partial differentisl equations
to ordinary differential equations through a transformation. The transformation
1s made such that only one independent vardisble exists, This actually requires
special boundary conditions and i's‘onig; applicable for special boundary layer
problems, 4, e., stagnation flow and 3ero pressure gradient flow, Reference 1

and 3," Yor an arbitrary pressure gradient local similarity may be assumed where

the non-similarity terms are neglected, Reference 2 and 3., Then with the proper
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boundary conditions and initial conditions, the ordinary differential
equations may be solved by mumerical methods on a digital computer,

The other method is to integrate the boundary layer equations across
the boundary layer, again reducing the partial differential equations to-
ardinary differential equations with integral parameters. Then with a
velooity profile law, proper correlations, and boundary conditioms, tﬁe
equations mey be solved again by numerical methods on a digitai computer.
Since only integral parameters appear in the differential equations, the
method 1is partiocularly attractive to turbulent boundary layers.

For the present program the laminar boundary layer is treated by the
former mothod and the turbulent boundary layer is naturally treated by
the latter method. The details of the turbulent boundary layer solution
will be given in a future Progress Report.

A detailled discussion of laminar solution is included below. Subsequent

.detail discussions of various other segments

"!ha boundu'y hyecr flow 18 assumed to be either in thermodynamic equili-~
ln'iun or trozan state, For completely thermodynamic equilibrium flow the
msmc ana damity define the remmining flow properties. The Mollier

' d.tagrln, of vhich & curve f£1t was provided by Ames, is used to obtain the

thermodynandc properties of the gas, Por completely frozen flow, however, tho
gas pzfopea-_tz_l_.ea are not uniquely defined by the pressure and density of the gas
but depend also on the molecular concentration of the gas.

| m fclloviac assumptions are made for both frosen and equiliterium flow
in the preasent analysis.

1. A1l geas species considered behave as perfect gas species,
2. Rediation effects between the body and gas are negligible.
3. The flow 18 two-dimensional or axially symmetric.
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4e The flow is steady stats,

5. Prandtl's boundary layer equations are applicable
The boundary layer equations,compatible with these assumptions, become

contimiity of mases
i 3
(1) (Pur)x’r(Pvr)y:o

Continuity of mass specles:
2 < +PvL = <
(@) pu, +Fv l:(’(nlz) y ] y

Momentum equations

(3) puu_ + Pvuy = P +’7"y

Energy equations
(2) pu Hx + 0 -

2 .
A
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with the boundary conditions:

At the wall, y = 0,
ua = 0
H = H, BHeat transfer to wall

H =0 Zero heat transfer to the wall,

At the edge of the boundary layer, y = 5,
u = ou
H = He = constant
Now following the approach of Reference 3, the transformation of the

boundary layer equations (1) - (4) are made with the coordinates

(5) ?: _].T fx,ow/@ue r3 dx and
/‘w g

u_ rd ‘ dy
2153 o//o
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Introducing these variables in the boundary layer equations and
Valoeity retios

(6) f’t = u/ue

Total enthalpy ratio:

m  § =
Atomic concentration ratios

(8) Z, = 0(/o<.e and

Prassure gradient paramsters

9 g = z% /x P be ToVdx
25 4

2
Pufv % r  he/

tial differential equations reduce to the following, see Reference 3.
o Ton e

2 3 LR
“ l -

10)  Ptyyn + It * By = "o/t (5" - %)

) e ot S Kt t5 = £0 - ®) [(l-he/He)

Species equation:

12 L 2 Z £ 2 = 0
(12) _%ehm»fcr,l A‘,)"' An

with the boundary conditions
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(13) ¢ (o)
S = fv with heat transfer

f

f;z(O} = 0

f)l (0) = O Zero heat transfer
Z,(0) = O Catalytic wall
ZA)I(O) = 1, Non-catalytic wall and

ty (@) = Slw) = 2z,(00) =1

The parameter @ is assumed to obey the correlation of Reference 5, or

.3329
¢ = 1023 (fu/tg) - .0213 vhere

3329
1.0213 (h/hﬁ) T - .0213

8
hg = 2,11918684 x 10 ft.z/eem2

Al
i3

for froze ov in the boundery layer the density ratio (7/(0e ie found

from the equations, see Reference /.

(14) e = 14%Xe To and

e 14x& T

o
T = hjhe -‘ezAhl/he

o (3.5 + 1.5%_2,) ke
2myh_

-3

vhere the constants are

h1° = 1,6658086 x 10° £t°/sec”
X/am = 1715.577 _£t°
20
sec R
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Equaticns (10) - (12) with the boundary conditions (13) are solved
simlia.ﬁeous]y. Since equatioms (10) and (11) are nonlinear and have two paint
boundery conditions, special methods must be used to solve these equations,

The procedure is to guess for sll of the initial conditions, equation (13),
and integrate equations (10) - (12) by Adams method from 7= O to //= 6. Then
the boundary conditions of } = 6 are checked for unity, equation (13). The
initial conditions are perturbed, £rn-0ugh an optimization program, until all
of the boundary conditions are unity., It is evident that good guesses are
required to enable all of the boundary conditions to equal unity in a reasonable
number of iterations. It has been found, Reference 4, that the guesses

S5 ) (0) = .47 Heat Transfer

S »n (0)

2y.(0) = .47 Catalytic Wall

0 Zero Heat Transfer

{(0) .= O TNonsatalytic Wall : | }

are reasonzble guesses sven for A # o.

The velocity gradient term, f;m (0), however, 1s quite sensitive to the
rressure gradient paremeter (3 and a better guess is necessary. The starting
point‘ for the leminer boundary layer solution is the stagnation point, (3 = 1,
and for this case Fay and Riddell, Referemce 1, have solved the above equations.
Using these solutione for wvariocus flow conditions, Fay and Riddel obtained
correlations for heat transfer to the wall, Using these correlations and
Reynolds analogy, the following relation was obtained,

(15) ﬁm(o) = (/R w7 I Ty P

T H
vhere from Fay &'Riddell's Nu/ \FE T;pe ofeSolution
results .38 Equilibrium—
Catalytic or noncatalytic wall
«40 Frozen - catalytic wall
) 18 Frozen - noncatalytic wall
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ma relation is presently being used for the initiel guess on f nn (0) at
the stagnation poirt. ’{may from the stegnation point, the previous initial
conditions are used. |

After a solution to the boundsry layer equations has been obtained at
a perticular station x, the displacement thickness s end heat transfer
Nu/(Pr Re) are computed and output where the displacement thickness is

»*

(16) $ = Q- I_ cos @) (Lo - f‘)z) dy and
( <

e ﬂ-s-"’

and the heat transfor is

o]
(17) E__N%;_ = h,y [(Le - 1) ZA’Z(O)]«,, j
whers .
H =
PO
Equiltbrim Floy

For thermodynamic equilibrium flow in the boundary layer the pi-ocedure
for obtagiixing a solution 18 eimilar exvcept for the following, Equations (10)
and (11) with the boundary conditions
(18) £(0)
S t0)
f n (0) = 0 3zero heat transfer

and (oo) f (o) =
The phyaieal properties of the gas are now obtailned from the Molller diagram.

fvz(O) = 0
.S’" ‘with heat transfer

i}

Cthervise the procedure is the same as frozen flow,.
A simplified block diagram for the laminar boundary layer program far

both frozen and equilibrium flow is given in Figure 1.

It 1s expected that all programming will be completed in November 1963,
This will allow approximately two months for complete program check buts

Com
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Po ~ Paf Is Frogen or Equilibrium Flow
~ Sluge/rt> Pr Catalytic or Noncatelytis Wall
PO 6-~0 Heat Transfer or Ne Hegt Tranafer
T, ~ R
r ~ Ft Guesses fy n (o) Sce equation (15)
2 2
H -~ £t /see 3 In program gn (o) = 47 yaw
e = O zero yew
X ~ ft x ~ Pt fn (o) = .47 Heat Transfex
pU, ~ fps - or f,.l (o) = 0 YNo Heat
‘ Transfer
‘ i |
¥ ¥
Catalytic Ran Non Cataylytic Wall! Determine 4 +A4 from
SA (o) =0 . Z, (o) = 1. Viscosity Tables
2, (o) = 47 Z, (0) =0 Compute (&
n N
1 J -
¥ Solve System of
Determine Vil ? Equations
from visccsity Tables ,L
Compute /3 Compute and °rint
l Out &%, §, NU/Pr
Solve System of NU/Pr Re)

Equations

Compute and Print
out s*, 6, and NU/Pr
Nﬂ,ﬁe Pr)
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NOMERCLATURE

= @peeific heat

~ bimelecular diffusion coefficient
~ veloeity ratio, \).Ale

enthalpy of formation of species
~ gtatic enthalpy

« reference enthalpy

- total enthalpy

- = pFoF pF N o 0

o o

o ,
'

"= exponent, §J = O for two-dimensional
body; J = 1 for body of revolution.

- thermal conductivity

« lewls mmber

-~ Nusselt mumber
total pressure

‘ . ‘atsutic pressure -

. | ¥ ¥ Prandt] mumber

SR N

R « Reynolds number
r = radins of body at revolution
T - absolute temperature
u,v, = velocity components in x and y direetlon respectively
x ~ distance along body surface
y - distance narmal to body surface
Z, =~ mess fraction ratio o< /c’Ce
oKX « mass fraction of atoms
Véj

-~ pressure gradient parameter, equation (9)

~11-




- total enthalpy ratio, K/Ke

= viscosity coefficient

$
M
f )] = similarity variables, equatioms (5)
7?. - 71 @ the edge of the boundary layer
P - masg density
17 - shear stress
@ -~ density viscosity product ratio, 4P, e
e

- angle between tangent of body and centerline

Subscripts

E - ewvaluated at reference enthalpy He and local pressure
] - local value external to boundary layer

W - evaluated at wall

derviastive with respegt to x, y, 7, f.
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